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© Hirudin-coated biocompatible substance. 



© Disclosed is a biocompatible, thromboresistant substance useful for implantable and extracorporeal devices 
m contact with the vascular system, and methods for producing the same. The biocompatible, thromboresistant 
substance comprises a synthetic, biocompatible material, at least one biocompatible base coat layer adhered to 
at least one surface of the material, and a thrombogenesis inhibitor immobilized on the base coat layer via a 
component capable of binding the inhibitor. The thrombogenesis inhibitor is hirudin, or an active analog or 
fragment thereof. 
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HIRUDIN-COATED BIOCOMPATIBLE SUBSTANCE 



The present invention relates to prosthetic vascular materials, and more specifically to biocompatible, 
thromboresistant substances and methods of their preparation. 

Exposure of blood to artificial surfaces usually leads to deposition of a layer of adherent platelets, 
accompanied by activation of the intrinsic coagulation system, and ultimately to the formation of a 
thrombus. In fact, significant blood/materials interaction can occur on a single pass through a prosthetic 
arterial graft. The types of blood proteins initially adsorbed or bound to synthetic surfaces may include 
proteins involved in contact coagulation. Contact coagulation or the extrinsic pathway of coagulation is a 
complex pathway of biochemical events that induces fibrin formation, platelet and complement activation, 
chemotaxis, kinin generation, and activation of fibrinolytic components. In addition, each of these events 
augments subsequent biochemical pathways often controlled by positive and negative feedback loops. 
Thus, thrombosis induced by contact with artificial materials is a major obstacle in the development and use 
of internal prostheses and extracorporeal devices such as artificial vessels and organs, and cardiopulmonary 
bypass and hemodialysis equipment. 

Materials having varying degrees of thromboresistance have been utilized in vascular prostheses with 
limited success. These materials include corroding (self-cleaning) metals, synthetic polymers such as 
polydimethyl siloxane. Teflon, acylates and methacrylates such as Dacron, electrets " . anionic copolymers, 
and hydrogels {for a review see Salzman et al. (1987) in Hemostasis and Thrombosis. Basic Principles and 
Clinical Practice (Colman et al.. eds.) J. B. Lippincott Co.. Phila. PA. pp. 1335-1347). 

To decrease the chances of thrombosis due to extended periods of contact with such artificial materials, 
patients have been treated with systemicaliy administered anti-coagulant, anti-platelet, and thrombolytic 
drugs. These include any compound which selectively inhibits thromboxane synthetase without affecting 
prostacycline synthetase, affects platelet adherence as well as aggregation and release, enhances vascular 
PGI2 production, and/or inhibits both thrombin- and thromboxane-mediated platelet aggregation. Such 
compounds include aspirin, sulfinpyrazone, dipyridamole, ticlopidine. and suloctidil. However, treatment with 
these drugs often elicits unwanted side effects including systemic hemmorhaging and the inability to initiate 
and complete desired clotting elsewhere in the body. 

To improve on the thromboresistance of artificial materials, biologically active molecules having 
thrombolytic, anticoagulating, thrombogenesis-inhibiting, and/or platelet inhibiting abilities have been linked 
thereto. For example, heparin has been bound to artificial surfaces to reduce coagulation by activating 
various inhibitors of the intrinsic clotting system (Salzman et al. (1987) in Hemostasis and Thrombosis: 
Basic Principles and Clinical Practice . 2nd Ed.. (Colman et al.. eds.). Lippincott Co.. Phila - PA. pp. 1335- 
1347). However, heparin enhances platelet responses to stimuli such as ADP or collagen, and promotes two 
adverse primary blood responses towards synthetic surfaces: platelet adhesion and aggregation. In addition, 
although surface-bound heparin antithrombin complex may be passive towards platelets, the wide variety of 
effects it has on interactions with endothelial cell growth factor, inhibition of smooth muscle proliferation, 
and activation of lipoprotein lipase raises questions as to what adverse effects it may induce over time. 

Anti-platelet agents such as pGE:. pGI 2 (experimental use only), cyclic AMP. and aspirin have also 
been attached to solid polymer surfaces. These agents discourage the release of platelet factors that 
stimulate adverse healing responses in the vicinity of a vascular graft. They may also reduce platelet-aided 
thrombus formation by inhibiting platelet adhesion. 

The exposure of many artificial surfaces to albumin prior to vascular contact results in reduced 
reactivity with platelets (NIH publication No. 85-2185. September. 1985. pp. 19-63). Therefore, albumin has 
been used to coat extracorporeal surfaces before cardiopulmonary by-pass surgery. However, long-term 
thermoresistance has not been achieved by this procedure. 

Fibrinolytically active streptokinase and urokinase, alone or in combination with heparin have been 
attached to artificial surfaces by Kusserow et al (Trans. Am. Soc. Artif. Intern. Organs (1971) 171). These 
enzymes reduce excessive fibrin deposition and or thrombotic occlusions. However, the long term assess- 
ment of their ability to confer thromboresistance to a synthetic surface has not been determined. 

Surface active agents such as Pluromc F-68 have also been immooilized on artificial surfaces, but do 
not appear to offer long term olood compatibility .Salyer et al. (1971) Meoical Applications of P'astics. 
Biomed. Materials Res Sym. (Gregoi. ed.) No. I pp. 105). 
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KM analog o. „ a9menl , here0) in J „ av J.^ 'T„ , lh ' omto 9 e "«'s *»*itor hirudin, or an 
«**,. " av ' hal *" *°' comp.om.sa its rhrombogenesis .nhibrtrng 

The term "Ihrombogenesis inhibitor" is ,.«h h« • 
protein, or fragment thereof having the physical and h^l" deSCnbe 3 " ative ' s y nthetic - or recombinant 
Synthetic materia* contemplated by the in,,^ b '° Chemical characteristics of hirudin. ' 
terephtha.ate (e.g. Dacron ^ trade MARK) ' nv ^ nt,on ai ' 9 P re ' er ably polymers such as polyethylene 
» tetraf.uoroethylene. po.yglyco.ic acid, and nC" s the o^m X 
Dacron. Other synthetic materials might a.so be used m ° St P °' ymeric being 

Examples of such base coat components ^1 It ""^ *• thromb °9enesis inhib.tor 

» glycosaminoglycans. hydroge.s. synthetic Potyn^rt d '^S^T de f- ' iP ° Pr ° teinS - ^vcoprote.ns. 
.nvent,on. he base coat layer includes a prii^p^l'^' ^ prefe " ed «Pects of the 

35 ^rirs a o : s — « - - - c 0a , 

* preferred aspect, the synthetic materia, -s con cted with a J? '"J ^ ,ayer F ° r examb ' e ' one 
chem,ca,.y active group (e.g.. a carboxylic add ToL 7nL T ?" ^ ^ ava " ab,e at leas < one 
"nk.ng reagent (e.g.. carbodiim,de>. The ma ter.a. so T ** bin<jin9 '° 3 Actional cross- 

contaming the cross-tinking carbodiim.de reagent o ata! ■'■ PUt im ° COn,3Ct w " h a solution 
bind ^hereto. eaQem for a t,me suff.cen. to allow the chemically active group to 

CO ; tacte o- with a solution wh,ch removes 
The immobiliaation step may te cZZ n , Z P descr,beb ab ove. 

'east one molecule of a bifunctionaf crZ^l La^VT"'" 9 "* ,h ' omb ooenesis inhib.tor w„ h a, 
JO the inhibitor, and then binding ,he «h^g^^ '° a " 0W " nKin9 °' the ^ 

5 * h omb 09enesis inhibitor retains ,ts thrombogenes s n bTn ' T, '"T '° ' he baSe COat The b °-d 
b.funct.onal cross-linking reagent useful (or surh a „ k 9 C " V " y When bouna 10 ln e reagent The 
succn.m.dy, ^^.dlo^pl 5^7° h^mt f ^ * <e.g I* 

•sucan.m.dy.succinate, ,EGS)). or a m.x.ure of both ^"^.ona, (e.g.. ethylene g.ycolbis 

. .o. «^rzT:srs r a mo,ecu,e hav,ng ,he ab "" y - p - 

b-funcona, cross.link.ng reagent b.nds two d 'VeTZL 7, ^ ° f ' W ° Sep3ra,e m0 ' ecu,es « ' b e 
nk.ng reagent. However. „ tne b.funct.ona. Zss llT " ' S 3 " h eterob,func..ona." cross- 

•homob.func.iona." •.ross-hnk.ng r eage n. b.nds on,y , 0 , w0 similar groups ' 

P-eduIes 3 ,^ -gen, may be sub.ec.ed ,o ch.omatograoh.c 

^•hoo .urther ,,des b.no.ng the . b ~'- 
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*o spirit or scope of the invention. 
Brief Description of the Drawing 

invents ,he var ' ous matures thereof, as we,, as the 

accompanying drawings in which: When ' ead ,0Qethe ' ^ the 

FIGURE 2 Is a I? 3 ™ 3 !* represen,a,ion of ,he W^V* -solved in thrombogenesis; 
FIGURE a ! ^ h 9ra T a,,C re P' e ^tation of platelet involvement in thrombogenesis; and 
FIGURE 3 .. a schematic representation of the amino acid sequence of native hirudin. 

Description of the Invention 

rigors o, erooe cireura.ion. and hal g „„„ 0 „™ coafcan nt n °"T """"""" "™ 

purpose to „„,ch „ is be,no usee Fo, exa m l ,1*° ?' *" v <,im9 " s ' ons su " able "» ,he 

containing, for examp.e vanous 6*2 J? , V Con,act,n 9 > he Dacron with a solution 

impurities P * de,er 9 en,s ' solven <^ or salts, which loosen and.or solubilize these 

sJZe.l^Vz* TJ^ ^^TT °' PrePann9 °" b ' OCOm *»' b '°- '"-mboresistan, 

to human serum albumin The ^ BK^Sr 0 ' 7™*°?"" ^ *" " HSA " r8 ' erS 
Chem.cal Company. 6 8 5 '° carDodlim,de - wh 'ch , s obtainable from the Pierce 
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TABLE 1 



'0 



STEP 



1) 
2) 
3) 
4) 
5) 
6) 
7) 



PROCESS 



Da. + NaOH Oa-COOH ~ " 

Da-COOH + EDC • — Da-EDC 

Da-EDC ♦ HSA Da-HSA ♦ urea (EDC by-product) 

Da-HSA + SPDP Da-HSA-SPDP 

Da-HSA-SPOP + DTT Oa-HSA-SH + P-2-T 

Inhibitor + SPDP Inhibitor-SPOP 

Oa-HSA-SH + Inhibitor-SPDP Da-HSA-S-S-lnhibitor + P-2-T 
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STEP 



PROCESS 



1) HSA + SPDP HSA-SPDP " " 

2) HSA-SPDP + DTT HSA-SH + P-2-T 

3) Inhibitor + SPDP — - Inhibitor-SPDP 

4) HSA-SH + Inhibitor-SPDP — HSA-S-S-lnhibitor + P-2-T 

5) Da + NaOH Da-COOH 

6) Da-COOH + EDC - — Da-EDC 

7) | Da-EDC + HSA-S-S-lnhibitor -Da-HSA-S-S-lnhibitor ♦ urea (EDC by-product) 
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Initially, the material may be activated so as to enhance the binding of the base coat laver This 
act,va ng ste p increases the number of chem,ca,ly active groups in the materia.. Fo e amp " a ka'-ne 
hydrops may be performed to mcrease the number of reactive carboxyhc acid groups in the Dac on to 
wh.cha Afunctional cross-.inking reagent such as carbodiim.de may be bound. Ultimately he base colt 
w I adhere to the bound carbodiimide groups on the materia.. However, this method must be performed 

mLT T hydr0 ' ySIS Part,a " y deQradeS ^ D3Cr0n - reSUl,in 9 a fray.ng of the m , er a fibeTs 
At least one base coat layer is adhered to at leas, one surface of the synthetic material 
Th.s layer either adhered to the material or unbound, provides components for attachment of the 
th ombogenesis .nh.b.tor. Such components prov.de more binding s.tes for the inh.b.tor than the synthe^c 
mater.a.. alone, thereby arnp.ifying the amount of .nhib.tor wh,ch may be bound. Useful components indude 

oTp^inltcTaf Pr0teinS i h g,yC0Pr0,e ' nS - 9lyC ° Sam ' n09lyCanS - Syn,h6tiC P0 '^ e - and mix ! there 
of. Proteins such as serum album,n and fibronec.in are parficu.arly useful for this purpose as they are 

nown to have antHhrombogenic properties, themse.ves. are very desirable as base coat componen s 

HsTmolue n 1 T t*' ^ ^ ^ H :30,: Falb « *' < 197 " ^ oS An 

HSA molecule, for example, has 65 ammo groups ava.labkfis binding sites ~ 

Attachment of the base coat to the art.fic.al surface may be covalent in nature. Methods to covalen.ly 
b,nd proteins to Oacron involve attack of the free reac.ve succinimide ester group of the ross-Hnkinn 
reagent to primary am.no groups on a pro.e,n. As shown ,n the examp.e in TABlE , to cova.ent y adhTre 

befol ,% C . , kmc'" 6 DaCf0ft 15 ,n,tia " y ,fea,ed W " h 05 N Na0H -h carbod'S 

before .t ,s coated w.th HSA ,base coat) ,n phosphate buttered saline (PBS) 

A .hrombogenes.s .nh,b..or useful as a coat.ng for surfaces in contact w.th blood bodily fluids or 

TaUor'^ZZT^ ^ '° ^ ^ COa * ^ *» '"^.or-cced substan Z are 

■deal for imp.an.able use ,n oev.ces wh,ch are ,n d,rec. contact w.,h blood. For example by-pass grafts 

How S^T b T VeSS6,S °" en beC ° me ' i,,ed W " h b ' O0d d ° ,S ° r ,hr0mb '- -su.„ng P ,n res r'c d b ood 
How. S,nce the ,nh,b..o,coa.ed substance .s .es.s.an, to formation of b.ood clots, thrombose and subse 

svsteJ °n T 6 bVPaSS gra " W '" ^ PfeVemea L ' keW,Se Wh6n Calhe ' e - «° facea .nto 
o ma L rr P ° rt S,,C ff J : h theraPeU ' ,C PUfP0SeS - 3 b, ° 0a Cl °' °' ,en '° rmS 0n ihe ™ s " e * «» ".neter. The 
c eTs L m k ,he , Ca,he,er by ,,OW ' nQ Clocd - * ™ 'arrea loose by man,pu,a«.on of the catheter. 

ZtZrl T ' emD0 " Sm b,OCkade °' the C ' fCU,al,0n t0 v "a' o^ans. .nh,b,o,coated 
substances p.ov.de s.m.lar advantages for amhc.a, or orosthehc heart va.ves. ,n„aaor«,c ba,.oon pumos total 
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or artificial heart or heart assist devices, intracaval devices, and any device in contact with the bloodstream. 
In addition, inhibitor-coated devices provide advantages for intracavity devices such as intraperitoneal 
dialysis catheters and subcutaneous implants where the thrombogenesis-induced inflammmatory reactions 
would be diminished. 

Thrombogenesis inhibitors useful for these purposes include hirudin and active analogs, fragments, 
derivatives, and fusion products thereof, or mixtures thereof. 

Hirudin is a protein isolated from the saliva of leeches, the amino acid sequence of which is shown in 
FIG. 3. Hirudin has been shown to reduce platelet adhesiveness, a characteristic which is probably 
attributed to its mode of action on thrombin. This property alone makes hirudin a most attractive 
anticoagulant when synthetic surfaces interface with blood. It also selectively inhibits the ability of thrombin 
to be proteolytic, to be mitogenic for fibroblasts, to activate platelets, and to have chemotatic properties for 
monocytes and polymorphonuclear leukocytes. In addition, the immobilized hirudin-thrombin complex may 
down-regulate the events of thrombin mediated chemotaxis. This is a significant event as chronic inflamma- 
tion may be due to the release by polymorphonuclear leukocytes of degradative enzymes and superoxides 
throughout the graft that show effects at the sites of the anastomosis, contributing to anastomotic 
hyperplasia. 

A number of synthetic and recombinant hirudin analogs exist (e.g.. CGP39393 produced by recom- 
binant DNA techniques by Ciba-Geigy. Basel. Switzerland; PCT WO79/00638: PCT WO86/03517) which are 
at least equally useful as thrombogenesis inhibitors. 

The thrombogenesis inhibitor is directly or indirectly immobilized on the base coat via the use of a 
bifunctional cross-linking reagent. In particular, a heterobifunctional cross-linking reagent which has two 
different reactive groups at each end of a linear molecule, and can therefore bind two different reactive 
groups on other molecules or on a different region of the same molecule, is most useful as a bifunctional 
cross-linking agent. For example, photoreactive cross-linkers, such as sulfosuccinimidyl 2-(m-azido-o-nitro- 
benzamido)ethyl-l. 3'-dithio-propionate (SAND), or N-succinim.dyl-6-(4- azido-2 -nitrophenyl-amino) hex- 
anoate (SANPAH) have a photoreactive group that can directly insert into C-H bonds of the base coat by 
photochemical coupling, while the other group remains free to bind to proteins. 

Other useful and preferable cross-linking reagents (such as SPDP) and their characteristics are found in 
TABLE 3. In TABLE 3, the "Double-Agent Number" listed for each reagent is the commercial designation 
30 for the reagent as made available by pierce Chemical Co. (Rockford. Illinois). 
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TABLE 3 (Part A) 
rRO££-L INKING REAGENTS 



Reactive 
towards : 



10 


Double- 

Agent 

Number 


Double- 
Agent 

Acronvm 


Bifunctionalitv 
Homo Hetero 


NH2 


SH 


PhotO' 
React 


15 


4 1 5 J i 


MIX O Ci\J O 




X 


x 




X 




i U iUO 


APR 




X 




X 


X 






APG 




X 






X 


20 


t. X. ^ *J J 


APTP 




X 




X 


X 


2 1579 




X 




X 








22319 


BMH 


X 






X 






21554 


BSOCOES 


X 




X 






25 


21524 


DFDNB 


X 




X 








20C47 


DIDS 


X 




X 








20664 


DMA 


X 




X 






30 


20666 


DMP 


X 




X 








2C668 


DMS 


X 




X 








22585 


DSP 


X 




X 






35 


21555 


DSS 


X 




X 






20590 


DST 


X 




X 








20665 


DTBP 


X 




X 








22590 


DTBPA 


X 








X 


J 0 


21577 


DTSSP 


X 




X 








21550 


EADB 




X 


X 




X 




21565 


EGS 


X 




X 






J5 


23700 


FNPA 




X 


X 




X 




21560 


HSAB 




X 


X 




X 
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TABLE 3 f Cont'd) 
CROSS-LINKING REAGENTS 



Double- Double- 
Agent Agent 

Number Acronym 



26095 


MABI 


22310 


MBS 


27715 


NHS-ASA 


20669 


PNP-DTP 


21552 


SADP 


21549 


SAND 


22588 


SANPAH 


27716 


SASD 


22325 


SIAB 


22320 


SMCC 


J X. J 




C. ± ^ J 1 


cpnp 


21556 


Sulfo- 




BSOCOES 


2059 1 


Sulfo- 




DST 


21556 


Sulfo- 




EGS 


22312 


Sulfo- 




MBS 


21553 


Sulfo- 




SADP 


22589 


Sulfo- 




SANPAH 



Bifunctionalitv 
Homo Hetero 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 

X 
X 



Reactive 
towards ; 

Photo- 
Mi SH Reactive 



X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 
XXX 

X X 



X X 
X X 

X 

X 

X 

X X 

X X 
X X 
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TA3H 3 (Cnnrfl), 
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B«aetiv» 

tovardai 


UO U 0 1 0 ~ 

Agent 


LKJ U O 10" 

Agent 

Acronyr, 


Bifunetior.Uty 

. ... iifljiifl Ketfl.ro 




Photo- 
-fih RflflCtlYfl 


22327 


Sul f o- 










8IAB 


X 


X 


X 


22322 


Sulfo- 










SXCC 


X 


X 


X 


22317 


Suit" 0- 










SXPB 


X 


X 


X 


26101 


TSAUT'S 


X 


X 
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TAatZ 3 (Cont'd^ 
CKSS-LIS7ISS RSAGITrS, (part B) 



Aeant Aeror.vra 

A5B-B0S 

APB 

apo 

APTP 

BS 3 

BMH 

bsocoes 

DPDBTB 
DIDS 



S-5-atido-2-nit rofctnxcyloxysucci nimide 

p-axidophenicyl bromide 

p-aildophenyl glyoxal 

n-4-(aildophdnylthio)pbthalimide 

bia (aulfosucciniaidyl) subsrate 

bit naleialdohexane 

bi« (2-(auccinlmidoor7carbonylory)- 
•thyl] aulfone 

1, 5-dlf luoro-2, 4-dinitrobemeoe 

4,4 '-dliaothiocyano- 2,2' -dl sulfonic 
acid etilbece 
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I&S1S 3 fCanfd) 



Aoen» Acronym 

DKA 

DM? 

DM£ 

DSP 

D8S 

DST 

DTBF 

DTBPA 
DTfiSP 

LADB 

50 S 

ptjpa 

HSAB 
KXBI 
MBS 

NHS-ASA 
PNT-DT? 
SADP 
SARD 



chmicai Siai 

diethyl adipl*idati«2 HC1 
dlaethyl piaelimidata-2 HC1 
dimethyl auberimidata-2 HC1 

dlthl ob iiduccininidyl propionate) 

di auccinimidyl auberite 

diauccinlmldyl tartarite 

diethyl 3,3 ' -di thiobiapropionimldate- 
a-HCl 

4,4 ' -dlothiobisphenylixide 

3,3-dithlobla(aulfoiucclnlmidyl- 
proplonate) 

•thyl-4-ai Idopbeayl 1,4-dlthio- 
butyrleidate 

ethylene glyeolbie(euccinimldyl- 
iuccir.ate) 

l-axldo-4-f luoro-3-ni tobenrene 

S-hydroxyaucciniaidyl-4-aeidobenroate 

methyl-4-aa idobentoiaidate 

m-maleinidobenzoyl-H-hydroryaulf o- 
sucolnlnide eater 

S-hyt3roiT»ucciniaidyl-4-aiidoaalicylic 
acid 

p-nitrophenyl-2-dlaio-3,3, 3-trif luoro- 
propionate 

I-aucciniraidyl(4-axlc'ophenyl)-l, 3 ' -dl- 
thioproplooate 

eulf oaucclnimldyl 2-(m-aaido-o-nitro- 
baor amido) -ethy 1-1,3 ' -dlthioproplonate 



10 



fcP U 357 242 Al 



Acant Arrnr.yiB 
SAKPA* 

6A6D 

8IAJ 

6MCC 

SKPB 

SPOP 



Sulfo- 
BSOCOES 



6uifo-3ST 
Sulfo-BC8 

Sulfo-K3S 

SulfO-8ADP 



Sulfo- 
SAaPAM 



Sulfo- 
8ZAJ 



Sulfo-SMCC 
Sulfo-SKPB 
TRAUT'8 



Chu.leal *ir^ 

R-iuccinirei<3yl-6(4'-aiido-2'-Ditro- 
phenyl-aBioo)hexanoate 

sulfoaucciniraidyi 2-(p-eiido8alicyi- 
•mido) ethyl- 1,3 ' -dithio-propionate 

H-8uccininldyl(4-lodcicetyl) aalno- 
benioata 

aucclnireidyl 4-<B-ca:eimidora«thy 1) - 
eye lohexane-l-carbcxy late 

auccinlraidyl 4-(p-=alaiaidophenyl) - 
butyrate 

N-eucclniaidyl 3-(2-pyrldyldithio) 
propionate 

bii C2-<Bulfo8uccinlraiiooxy-carbonyl- 
oxy)ethyl] lulfone 

dlsulf oa'jcclnimidyl tactarate 

ethylene g lycolbia (•ulfoauccir.ircidyl- 
auccinate) 

a-aaleiaidobenxoyl-H-fcydro-ry»ulfo- 
succlniaide eater 

Bulf oaucclniitidyl(4-»tidopbettyldithio) 
propionate 



BulfoBucclnlaidyl a- (4 ■ axido-2 • -ni thro- 
phenyl ami no) hexanoate 



sulfo6ucclnlmldyl(4-lodo acetyl) emino- 
bentoate 

flulfosucciniroidyl 4-(H-rcal«iroido- 
me thy 1 ) eye lohexane-l-carboxy late 

sulfosuccinimidyl 4-(p-raeleimido- 
phenyl)butyr ate 

2-irainothiolar.e-HCl 



The cross-linking reagent is applied lo the base coal m amounts such ihai (he desired binding site 
density is achieved. Binding site density is that amount of cross-linking reagent, in terms of moies g 
synthetic material, to bind to the base coat while providing conflueni coverage of the surface. 

To put the inhibitor in condition for linkage to the base coat, the cross-nnking reagent may be initially 
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coupled separately to both the base coat and to the inhibitor. The kinetic constants of the inhibitors are 
compared before and after coupling to evaluate effects of the procedure on their kinetic constants. The 
inhibitor should remain biologically active after being coupled. Therefore, standard activity assays specific 
for the inhibitor to be immobilized are performed using a standard thrombin solution to evaluate this 
5 capacity. 

As an alternative, the protein component of the base coat may be bound to the thrombogenesis 
inhibitor forming a conjugate prior to its adherence to the synthetic material, and the conjugate bound to the 
synthetic material as shown in TABLE 2. In addition, thrombogenesis inhibitor conjugate retains biological 
activity, and can be used as an agent to increase the half life in the circulation as it is not easily cleared by 
10 the kidney. 

In the special case of SPDP derivatization of hirudin, linkage of certain groups on hirudin to SPOP may 
destroy hirudin's biological activity because at least some of these groups are required for activity. 
However, by adjusting the reaction ratio of hirudin to SPDP (1:4, mole:mole), and running the reaction at 
near physiological pH. SPDP becomes somewhat selective for epsilon ammo groups. The result of these 
;s conditions favor a 1:1 (mole:mole) conjugation ratio of hirudin to SPDP covalently bound without destroying 
hirudin's biological activity. 

SPDP will react with terminal as well as epsilon amino groups. Since derivatization of a terminal amino 
group can inactivate a biologically active protein, t-butyl-dicarbonate (T-BLOCK (Pierce Chemical Co.. 
Rockford, lllinois))may be used to block that group during SPDP-derivatization. The blocking group is then 
20 removed after derivatization to restore biological activity. 

The invention will be further understood from the following, non-limiting examples. 

EXAMPLE 1 

25 



A. Pretreatment and Activation of Dacron 

30 Dacron polyester 52 (DuPont) is sectioned into 1.0 cm lengths. The lubricant on and in the woven 
surface is removed by washing once for 1 hr with carbon tetrachloride, and twice with 100% CH 3 OH. The 
methanol is removed by multiple water washes, followed by one wash in phosphate buffered saline (PBS). 
pH 7.4. 

The graft material is then subjected to alkaline hydrolysis to increase available COOH groups. The 
35 material is treated with 0.5 M NaOH at 50* C for 1 hr. It is then washed with H 2 0 repeatedly, and the 
following steps initiated immediately. 

B. Carbodiimide Derivatization of Activated Dacron 
^ _ . - — — — - — 

The activated material is placed into 100.0 ml of 10 mM water-soluble carbodiimide (EDC) in deionized 
water. pH 4.6-5.0. for 1 hour at RT with constant stirring. The material is removed and washed in PBS to 
remove excess unbound EDC. 

C. Base Coat Formation 

The base coat is applied to the lumen of the Dacron graft material. The denvatized Dacron material is 
incubated in a 5°© HSA solution in PBS at 1 mlcm : graft material for 24 hr at RT with constant stirring. The 
so graft is removed and washed in PBS to remove nonspeafically bound HSA. Approximately 20 mg 
protein mg Dacron is covalently bound. 

D. Linkage of SPOP to the Base Coat 
55 " — — — — - — — — — 

The HSA-bound Dacron material »s incubated m a 10 mM solution of SPDP in PBS. pH 7 4. to bind 
SPDP to the HSA (100 mM SPDP cm : base coat). Incubation is terminated alter 30-40 mm at RT. The graft 
is washed m PBS to remove nonspeafically bound SPDP 
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E. Activation of SPDP on Base Coat and Measurement of Binding Site Density 

The SPDP-linked material is dried and weighed to obtain its absolute weight. It is then placed in a 50 
mM solution of dithiotreitol (DTT) for 5 min at RT. This reaction releases pyridine-2-thione (P-2-T) from the 
5 bound SPDP. and simultaneously forms free sulfhydryl (SH) groups on the base coat. The released P-2-T is 
quantitated by absorption spectrophotometry at 343 nm using its extinction coefficient (E = 8.08 X 10 3 ) 
and is directly proportional to the quantity of bound SPDP or binding sites. The number of binding sites are 
calculated and expressed as moles of sites/g of Dacron. 

The material is then washed 5 times in PBS and 4 times in distilled water. 

w 

F. Linkage of SPDP to Hirudin 

Lyophillized hirudin is resuspended in PBS at 1 mg/ml. SPDP (Pharmacia, Piscataway, NJ) is dissolved 
/5 in 100% ETOH to 10 mM. One part hirudin is mixed with 4 parts SPDP (mole:mole), and incubated for 30 
min at RT. SPDP-bound-hirudin is then separated from free SPDP and reaction by-products by chromatog- 
raphy on a G-25 column; the derivatized hirudin is eluted first. 



20 G. Measurement of SPDP Bound to Hirudin 



The binding of SPDP to hirudin can be quantitated by the addition of DTT which liberates pyndine-2- 
thione (P-2-T) from SPDP bound to hirudin, and which can be measured spectrophotometricalty at 343 nm. 
From this measurement, the moles of SPDP bound to hirudin can be calculated. Each P-2-T released 
25 represents one covalent attachment of SPDP to hirudin. One mole of hirudin binds per 1.2 moles SPDP in 
the present studies. 



H. Linkage of Derivatized Hirudin to Base Coat 

The reduced SPDP-linked base coat (having free SH groups) is washed with PBS to remove the DTT. 
SPDP-linked hirudin is then added to the graft at 50.0 mg/cm 2 Dacron. The solution is incubated overnight 
at RT to allow the binding of SPDP-hirudin to SH groups on the Dacron graft. The Dacron material with 
hirudin covalently immobilized thereto is then washed and stored in PBS. 



I. Analysis 



jo A. Spectrophotometry Assays: 

To quantitate the amount of SPDP-hirudin immobilized on the base coat, an absorbance reading is 
taken at 343 nm of the solution at the time of the addition of SPDP-hirudin to the Dacron. After the overnight 
incubation period, another absorbance reading is taken, and the change in absorbance is due to the 
J5 quantity of P-2-T released from SPDP-hirudin. The amount of P-2-T released is directly proportional to the 
number of SPDP substitution reactions that have occurred between the base coat SH groups and SPDP- 
hirudin. 



50 8. Thrombin Inhibition Assay: 

Using a known amount of thrombin, a standard curve is constructed with known amount of hirudin or 
hirudin analog by adding hirudin to thrombin, and measuring residual thrombin activity using chromatog- 
iaohic substrate S-2238. Thrombin inhibition by denvatized hirudin (hirudin-SPDP) or immobilizea hirudin 
55 (the Dacron material with immobilized hirudin) is then compared to nondenvatized hirudin values by 
equating ED50 values using 10 NIH units ml thrombin, and measuring residual thrombin activity. 

The invention may be embodied in other specific forms without departing from the spirit or essential 
cnaractenstics thereof. The present embodiments are therefore to be considered in all respects as 
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illustrative and not restrictive, the scope of the invention being indicated by the appended claims rather than 
by the foregoing description, and all changes which come within the meaning and range of equivalency of 
the claims are therefore intended to be embraced therein. 

5 

Claims 

1. A biocompatible, thromboresistant substance comprising: 

'0 (a) a synthetic, biocompatible material; 

(b) at least one biocompatible base coat layer adhered to at least one surface of said material: and 

(c) a thrombogenesis inhibitor immobilized on said base coat layer, said inhibitor being hirudin or an 
active analog or fragment thereof. 

said base coat layer having a component capable of binding said thrombogenesis inhibitor, and 
/5 said inhibitor having thrombogenesis inhibiting activity when immobilized. 

2. The substance of claim 1, wherein said material comprises a polymer, for example a polymer 
selected from the group consisting of polyethylene terephthalate. (e.g. Oacron), nylon, polyurethane. cross- 
linked collagen, polyglycolic acid, polytetrafluoroethylene. and mixtures thereof. 

3. The substance of claim 1 or claim 2. wherein said base coat layer comprises a component selected 
20 from the group consisting of a protein, peptide, lipoprotein, glycoprotein, glycosaminoglycan, hydrogel. 

synthetic polymer and mixtures thereof. 

4. The substance of claim 3. wherein said component of said base coat layer comprises a protein; for 
example a protein selected from the group consisting of serum albumin (e.g. bovine serum albumin and 
human serum albumin), fibronectin (e.g. bovine fibronectin and human fibronectin). and mixtures thereof. 

25 5. The substance of claim 1 further comprising a bifunctional cross-linking reagent, for example a 
heterobifunctional cross-linking reagent (e.g. SPDP) or homobifunctional cross-linking reagent, linking said 
thrombogenesis inhibitor to said base coat layer. 

6. A method of producing a biocompatible, thromboresistant substance, said method comprising the 
steps of: 

30 (a) adhering at least one base coat layer to at least one surface of a synthetic, biocompatible 

material, said base coat layer containing a component capable of binding a thrombogenesis inhibitor; and 

<b) immobilizing said thrombogenesis inhibitor to said base coat layer, said inhibitor being hirudin or 
an active analog or fragment thereof, and having thrombogenesis inhibiting activity when immobilized. 

7. The method of claim 6. wherein said adhering step comprises: 

(a) activating said material so as to enhance the binding of said base coat layer thereto; and 
<b) contacting said activated material with said base coat layer for a time sufficient to allow said 
component of said base coat layer to bind to said activated material. 

8. The method of claim 6. wherein said adhering step comprises adhering a base coat layer to at least 
one surface of said material, said base coat layer containing a component selected from the group 

jo consisting of a protein, peptide, lipoprotein, glycoprotein, hydrogel. glycosaminoglycan. synthetic polymer, 
and mixtures thereof. 

9. The method of claim 8, wherein said adhering step further comprises adhering to at least one surface 
of said material a base coat layer containing a protein, for example a protein selected from the group 
consisting of serum albumin (for example human serum albumin and bovine serum albumin), fibronectin (for 

js example human fibronectin and bovine fibronectin), and mixtures thereof. 

10. The method of claim 7. wherein said activating step comprises the steps of: 

ia> treating said material with a solution that makes available for binding at least one chemically 
reactive group m said material: and 

(b» contacting said treated material with a solution containing a bifunctional cross-linking reagent, for a 
50 time sufficient to allow binding of said chemically reactive group to said reagent. 

11 The method of claim 10. wherein said treating step further comprises treating said material with a 
solution that makes available for binding at least one chemically active group in said material, said 
chemically active group being a carboxyhc acid group. 

12 The method of claim 6 further comprising ihe preliminary step of contacting said material with a 
f5 solution which removes impurities thereon, said preliminary step being performed prior to said adhering 

step 

13. The method of claim 6. wherein said immobilizing step further comprises the steps of: 
»ai contacting said thrombogenesis inhibitor with at 'east one molecule of a bifunctional cross-inking 
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reagent to said base coat, 

and said binding step further includes binding said thrombogenesis inhibitor-linked reagent to said base 
coat-linked reagent. 

8. The method of claim 7 further comprising the steps of: 

5 (a) reducing said base coat-linked reagent to expose a sulfhydryl group thereon; 

(b) adding said inhibitor-linked reagent to the exposed sulfhydryl group thereon; and 

(c) inducing a substitution reaction involving said sulfhydryl group and said inhibitor-linked reagent, 
said reaction resulting in linkage of said base coat to said inhibitor. 

9. The method of any of claims 6. 7 or 8, wherein said Afunctional cross-linking reagent is selected 
/o from the group consisting of heterobifunctional cross-linking reagents (for example SPDP), homobifunctional 

cross-linking reagents, and mixtures thereof. 

10. The method of claim 6 further comprising the additional step of subjecting said thrombogenesis- 
linked reagent to a chromatographic procedure to remove impurities therein, said additional step being 
performed after said contacting step and prior to said binding step. 

; s 11. A method of producing a biocompatible, thromboresistant substance, said method comprising the 
steps of: 

(a) immobilizing a thrombogenesis inhibitor to a base coat layer. 

said inhibitor being hirudin or an active analog or fragment thereof, and having thrombogenesis inhibiting 
activity when immobilized, and 
20 said base coat layer containing a component capable of binding said thrombogenesis inhibitor; and 

(b) adhering said base coat layer linked to said thrombogenesis inhibitor t& at least one surface of a 
synthetic, biocompatible material. 

12. The method of any of claims 1 to 11. wherein said material comprises a polymer, for example a 
polymer selected from the group consisting of polyethylene terephthalate (e.g. Dacron). nylon, polyure- 

25 thane, cross-linked collagen, polyglycolic acid, polytetrafluoroethylene. and mixtures thereof. 

13. The method of any of claims 1 to 12. wherein said base coat layer comprises a component selected 
from the group consisting of a protein, peptide, lipoprotein, glycoprotein, glycosaminoglycan, hydrogel. 
synthetic polymer and mixtures thereof. 

14. The method of claim 13, wherein said component of said base coat layer comprises a protein; for 
30 example a protein selected from the group consisting of serum albumin (e.g. bovine serum albumin and 

human serum albumin), fibronectin (e.g. bovine fibronectin and human fibronectin). and mixtures thereof. 
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